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FOREWORD

This report was prepared by BA:ttell4's Columbus Laboratories,
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u-,d. .-rOjOCCL No. 7381, "Materials Applications", Task No. 738106, "Engincring
and ag.vz Data". The work was administered under the direction of the Air
Forct Mnd•-ials Laboratory, Air Force Systems Command, Wright-Patterson Air
Fcz.ct: e- Ohio, by Mr. Clayton Harmsworth (AFML/LAE), technical manager.

Tais filial repirt covers work conducted from April. 1971, to July,
197-. urn rtPc.rt was submilted by the authors on August 9, 1972.
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I NTROD[ICTI N

The selitL ion ot mat erials to most el tect I ve ly satisfy now environ-
muuttal iequirements and increased design load requirements i or advanced Air Force
we,41lonzs systems is of vital importance. A major Oift-iculty that design engineers
CiWOHIItO eL , particula ly for newly developed materials, materials processing, and
product forms, is a lack of sufficient engineering data information to effectively
evaluate the relative pot ential of these developnitetLs for a patxticular appplicatlon.

In recognition of this need, the Air Force has sponsored several programs .
at idatLelle's Columbus laboratories to provide comparative engineering data for
newly developed materials. The materials i',ciuded in these evaluation programs
were carefully selected to insure that they were either available or could become
quickty available on requtest and that they would represent potentially attractive
alloy projections for weapons systen. usage. The results of these programs have
bev'1 j'itllished in Your tecChnical reports, AFNIL-TR--67-418, AFML-TR-68-211, AFMIL-TR-
70.252, and AFM41-TR-71-249.

This .technical report is a result of the continuing effort to relieve
the abLove siitkatieMu alld tO stimulaite interest in the use of newly developed alloys,
or newv proc•ssiug techniques for older alloys, for advanced structures or propul-

SjII .ys Lei:Ils.

y Temv materials evaluated under this program are as follows:

(I) 17-4-PHl (1H900) ESP 1ar

(2) Udimet /1) Forged Bar

(3) 7050-T7E56 Itand Forging

(4) 2214-T351 (Alcoa 417 Process) Plate

(5) Ti-SAi-4V (DiiiT) Diffusion bonded Component.

The temper or heat-treat conditions selected for evaluation are described
in each alloy section.

Thne program approach was, as on previous contracts, to search the
published literature and to contact metal producers and aerospace companies for
any pertinent data. if very little perti tent information was available, a com-
plete material evaluation was conducted. Upon completion of each material evalu-
ation, a "data sheet" was issued to make the data irmmediately available to potential
u,;crs r Ithcr titan defer publication to the end of the contract term and the summary
b It., . ,eport. These- data sheets are reproduced Hi, Appendix Ill of this report.

uetailed ltnormnation concerning the properties of interest, test tech-

,,i mi,, d am specimen types are contained in Appendices 1 and 1I of this report.



I'IOLC ii]l lh~j~l i-p Ii~tI'.

'I'llis A ,,N' 1 is > 01 theC t cnii 1)0 prec I) ii. at Lon h ardenilig SL a inl, ezi6
S eL 21 1 h i l WI v In In 14C i )w Wide us sa gi ii ae ro-Sp ict , ndt~iL ci a I , and conuie cc L a)

ap Ili) C lionzs . Tlie partL icu lac: iiiteria1 uised ini L his eva Iua !iln Was produced b
thuI~1o(2Co I a'Rtc n jSR K r'es nti process anl electrode (ill his

case , aii r jnt2 It e2d 17-4 P; I) is mlte Ld in a3 rubist.aiice he iLed mu Iltn bat h of finN.
cmiai a ned inl anl Opt'i-h)O L oined wdLe r-cot le(d ni la nio l . The ins 1 Led met a 1 o ruis
aI pool beneuath the f luX bathl anld prL~ressiveiy solidifies formnig anl ingot.

which i-S .ontinuously cxtlractod fronm i-hc old.

Tithe molal is rlined and desulfurized by flux act-ion and the mnicio-
'tinICturek is iirprjovedc by controlled soPtidilication.

'The iiatlcria usud inl this eval eat~ioii was a 3. 3-incli-diamucer
1) L fr jit Ilcz 02298. Chemistry was as Lol lows:

Chomi iC a 1

ComIposit-ion Percent:

Carboni 0.04
Maniraiiuso 0.70
Silicon 0.41
Phosphorus 0.15
Sulfur 6.08
Chromiuji 15.9
Nickel 4.45
Copper 3.45
Columbium' 0.23
1 ron Balanco

1 U2.IŽli,. andhed Treat il

.% I I 'ipuý imin'ns werv miachiined froil the 1 otigitudinlal d irect ion, eXcupL, for

I))t loii yIt Oii ia] alli tran 'ivurse Chiarpy jimpac t specimens, as shown in F"igiire I
'[bu-y wert HI LIe In. at I-reated at. 900 F for I houu to Coid it ioi 11900.

lest koesnl [s

Tensiion. estilt~s ol1 Iongitudinal tcsts,, at joo)ii tumperature, 400 F",
i 1(1 F, anld 90o 1: are- g iven ill 'lab] eI. St russ-strainj curvus at te'iipcrat uru at"(.

soi in i'igii cc 2. E01 I ccl O teinpcraLLnre ctrvu.s are piesented in Figure 4.
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C-amipression. Re:UttS W longitudinal t1 .I A room toemi nure, 400 ]"c

/00 i, an1d 900 F ArV g;i\'Vl iU '"PILc I I. .lt QSS-Sttcin and Cangent-moda curcvc
ate p rscl-nted in lFigure 3. El 1ce o| temper,1'w curc ctvc i .ic_ si I in Figure 5.

SheAr, Results t r01 10011 It-1pelfL -a t1rU pill shell: tcSt ;s ire giveln ill
'lbI T ic I l

I .ac tL harpy teut cesults for longitudinu2l .i id tLc.lmSVcrSC 8sp jCjlllllS

a.t r-l'd Lemlperature are given in 'lable IV.

Fracture Toughness, Slow-bend LosLs Were cOIueL te.d at room t empera-

ture. 1esults ire given ill '-.ble V. The ILK values obt tined Are considered

valid L c numbers by cxisting ASII btandardý.

Fat igte. Axial load fatigue tests resudlts for untiotchcd aid notched
longitudinal specimens are given in Tables VI and V11. S-N curv.es ate presented
in Ligurus t and 7 for room temperature*, 400 F, and 700 F,

Creep and SItruas-Rihpture. Results of tests on lougitadinal specimens
i 700 iF, 900 F, and ,100 F are given 3n Table Vill. Log-stress versus log-

tinu- curves are shown in Fligure 8.

Stress courosion. Six specimens were tested as described in tOi

experimental procedures section of this report. No cracks or failures
occurred in the 1000 hour test dui ition.

Thermal Expansion. The coefficient 01 thermal expansion fcr this
alloy is h.5 x l0-1 in/in/F for 68 F to 900 F.

l�T Te density of this material is 0.282 lb/in:i.

]



UtI L. iatc 0.2 percent Iongat ion Reduclion ! 'Tenli Ic
',;pt iel ' ltUIS IIC Offset YiCld in 2 inches, in Area, NodI~Is,
N-ifvi: Sl.renitl, ksi Strength0, ksi percent percutt 10' p:;i

Room Temperature

li-i 201,4 189.6 16.2 50.0 28.5
11-2 195.8 184.2 18.0 46.6 29.2
1,-3 194.4 182.9 17.2 48.2 28.3

400 F

iL-4 180.2 159,6 10.1 38.6 26.2
5 176.4 160.2 11.6 38.0 26.3

:i,-0 175.8 158.0 10.9 36.2 27.0

700 F

IL-7 166.0 142.b 9.9 38,6 24.0
IL-8 162.8 147.6 10.2 31.2 24.4
U!- 9  158,3 144,8 9-7 34,9 23.6

900 F

11-10 138.0 110.0 10.0 30.0 22.8
IL-I 142,2 108.0 9.5 38.0 20.9
il-12 137.9 106.5 9.5 35.2 23.1

5



TABLIE 11. COMPRESSION 1fST RESULTS FOR
17-4 PH 11900) BAR (ESR)

0,2 Percent
Offset Yield Compression

Specimen SLrength, Modulus,
Number ksi 10", psi

Room Tenmperai ture

2L-l 172.6 29.,
2L-2 170.0 30.1
2L-3 176.7 31.0

400 1"

'L-4 147.6 21.0
2t,-5 150.0 27.4
2L-6 146.2 26.2

700 F

21,-7 138.6 25.1
21,-8 138.6 24.0
21.-9 141.2 24.9

900 y

1.-13 117.0 24.2
211 118.7 24.0
21,-12 117.0 23.4

6



i.AiLL 111. SHEAR TEST RESULTS FOR 17-4 1I'l
(1900) BAR (ESR)

Specini-n Ultimate Shear
Number Strength, ksi

4L-1 117.0

4L-2 117.2

4L-3 117.0

4L-4 118.0

71



TABLLI 1V. IMPACT TESI'T ESULTS FOR
1--4 P1H (11900) BAR (ELR)

Specinmen EDcrgy,
Nunb Cr ft/lbs

Longitudinal

i01,-i 20.8
IOL-2 21.0
lOL-3 28.0
1OL-4 16.4
1OL-5 23.9

Transverse

101,T-I 9•
1OT-2 15.2
10'r-3 21.9
101-4 24.7
10T-5 17.6



TABLE' V. FNACTI'URE TQUGIINESS TEST RESULTS
FOR 17-4 PH1 (11900) BAR (ESR)

Specimen w, a, T, 1), Span, f (
Number inlchcs inches inchtes lbs inches w Q

1 1.503 .568 .757 7,500 4.5 1.8u 45.1

2 1.503 .553 .757 8,600 4.5 1.81 50.4

3 1.503 .570 .756 8,100 4.5 1.87 49.0

?9



1AB1." VI. AXIAL 1.UAI) IAFAT1;UI- LSY KLSU I S I"V1

UNNOTCIHI,' 17-4 P11 (11900) BAR (I:SR)

S )CMc ici iax 6Imumii Li j c 11e,
Nun 10r St~ixss, ksi c vc I s

R oom T em~ y•

5-2 15 0.0 23 309
5-3 145.0 27,100
5-1 140.0 69,900
5-4 135.0 33,900
5-5 130.0 117 300
5-6 125.0 109,500
5-7 120,0 7,458,300

5-9 110.0 338,700,
5-10 105.0 11,419,50 a)

400 I"

5-11 i50.0 (b)
5-i5 140,0 .00
5-13 135.0 19,700
5-12 130.0 33,400
5-14 125,0 1416 100
5-1o 120.0 37:7000c
5-17 120,0 1,327,100
5-28 100.0 5,137 100
5-29 90.0 10 ,o 2 0: 0,a)0

700 F

5-18 135.0 lI0
5-19 125,0 (h,
5-20 12000 163,oOO
5-21 117.5 188,400
5-22 115.0 g00
5-23 113.5 193,000
5-24 110.0 88,000
5-25 100.0 2,191,000
5-26 90.0 2,300,600
5-27 80.0 4,821 900
5-30 70.0 10,O 1 9 , 6 70(a•

(a) Did not fail.

(b) Failed on loading.

(c) liroke at theIirmocOleI
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TAýLI, \ý'TT. AXTA,\. LOAD FATTUE TEST RESI'I.TS FOR NOTCIIE)
(K L 3.0) 17-4 PIH (11900) BAR (1',SR)

S pec treeca Fla imtui L~i ic L i me,

NLI 1b11 - Stress, ksi cycles

Room Tmpc rat urc

-lU.O 1,400
5}-2 1_0.0 2,400

5 90.0 6,100
. -4 70.0 7,800

5-{ 60.0 18,500
5'-5 50.0 41,700
5-7 40.0 60,300.
5-8 30.0 14,853,100(a)

400 F

5-9 70.0 4,600
5-32 65.0 16,600

5-10 60.0 20,200
5-13 55.0 22,200

5-14 52.5 5 7 ,8 0 0 (a)
5-11 50.0 10,8`7:600

700 F

5-15 70.0 1,900
5-16 65.0 4,000

5-17 60.0 7,300
5-18 55.0 lk), hOu

5-19 50,0 u1 ,100
5-20 45.0 II, 1S6,: 0(

,a) Did nut til I

11
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1!..iilllCt. 710 Atrud Bar

Material LDescript ioa

I'dimet 710 wais reccIly ldeveloped by SpecLiil Met als ('orporat ion LO

fill till need for a jet t,'.iW n turbine bladindg alloy, comibilining the high
stirength and stability char-acCeristics of 1Idimer 700 with the corrosion and
sullidgitionl resistance of 18'2. chromium alloys such as the older tIdimet 500

and Wispaloy. The alloy is desi.;.-,ed for Use in eithLIr the wrought or cast
I oLr.. Dat.i generat ed at Special Metals front laboraLory heats show it to have
r•ipturc stcengths superior to Udimet 700, good oxidation and hot corrosion
rt-sitst c,, and excellecnt phase stabi]ity after extended exposure t.o stress
and temperature. DIata are now being generated from production scale heats
for both cast and wrought forms.

The vii.terial usLed for this evaluation was Special Metal Corporation
IILat No. 8-2814. The alloy was obtained as 1.875 inch diameter bar with the
tol lowing composition:

Chemica 1
Composition Percent

Carbon 0.07
Nargar ese 0. iG0
Silicon Mo1O
Ch ro-Aiuni 18.0
.o bia :. 14.8

1 ron 0.14
Mo Lybdenum 3.10
Tungsit .t 1.47
Ti t aniun, 4.88
Aluminum 2.5]
horon 0.018
Z i rcoU ium 0.04
Sulfur 0.003
Nickel Balance

Procussing and Heat Treating

Specimens were machined from the bar iii the longitudinal direction as
shown int Figure 9. hleat treating, as suggested by Special Metals, was
as follows:

(1) 2150 F [or 4 hours, air cool,

tZ) 1475 I: for 4 hours, air coo],

(3) 1550 I` iou 24 hours, air cool,

(', 1.40 I- or If) hours, air cool.

18
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'vi Les Results

"Tensicn. T'est i esul ts for longi taud inil I speclmens at room temperature,
800 F, 1-00 F, and 1800 F are given in Table IX. Stress-strain curves at te:mper-
at ur*e se shown in FiLirtr 11. Effect of tIeIperasture cutves are shown in Figure 12.

_.Cou)pression, Test results for lon)gitudinal specimens at room temperature,
800 F, 1200 F, and 1800 F aie given in Table X. Stress-.strain and tangent-modulus
curves are shown in Figure 10, Effect of temperature cuives are shown in Figure 13,

Shear. Test results are given in Table Xl for longitudinal pin shear
spec illenS .

imp•ac. Charpy test results for longitudinal specimens at room tempera-

ture are given in Table XII.

Fracture Toughness. Slow-bend fracture toughness tests were conducted
at room temp .rature. Test results are given in Table XIII. Since the size., ratio,
2.5 (Kq/TYS) , was greater than both the specimen tLickness and crack length in all
tests, the 4L at LIUL considered valid K numbers by existing ASTM criteria.

Fatigue. Axial load fatigue test results for unnotcbed and notched
longitudinal specimens at room temperature, 800 F, and 1200 F are given in Tables
XIV and XV. S-N curves are presented in Figures 14 and 15.

Cree.L and Stress Rupture. Test results at 1000 F, 1400 F, and 1800 F
are given - 'able XVI. Log-stress versus log-time curves are presented in
Figure lb.

Stress Corrosion. Tests were conducted as described in the experimental
procedures section of T-iTi report. No failures or cracks occurred in the 1000-hour
teýst daration.

Thermal Expansion. The coefficient of [hermal expansion for this alloy
is 8.7 x IO-0-i-nWnW7.7F fr-om 70 F to 1400 F

3Density. Tie density of this material Is 0.292 ]b/In.

20



TAILE IX. 'I':11SION TEST RKSI:i S FOR )1DINII 710 IORGED BAR

UI I imat e ) L 0.2 perceIJ )A ]I lgai ion RCduc. Lion Tlns i 1.e
Spcci m) n !11 Telsilc offset Yield in 2 inches, in Area, Hlodulus,

Numb17r SLr,..gth , ksi Stvc-ngt h, ksi percent p t-cent 10" psi

Room__l',mp er,..t.ur__e

11,-1 177.0 138.0 7.2 7.0 30.9
11.-2 178,0 139.0 7.7 9,6 27.9
11,-3 178.0 137.0 6.7 9.5 28.9

800 F

ii,-4 167,8 123.2 7.6 9.6 24.3
11-5 107.8 123.1 7.6 9.0 23.9
IL-n 162.6 122.2 7.6 9.0 2A.4

1200 F

183.0 118.5 16.0 13.6 21 ,4
iL-8 177.6 123.1 13.0 16.1 20.31L-9 191.0 127.1 17.0 14.0 20.9

1800 F

IL-IO 53.4 38.2 29.8 32.C 18.6
IL-lI 56.5 35.9 30.0 37.0 20.0
1L-12 55.3 36.9 30.2 37.0 17.9

21



'ABLE X, COMPRESSION TEST RESULTS FOR

UDIMEET 710 FORGED BAIR

0.2 Percert Compression

Specimncl Offset Yield Modulus,
Niumber Strength, ksi 10" psi

EQ., 'rempera~ur e

21-1 150.0 30.9

2L-2 151.0 31.0
21,-3 148.0 30.0

b- 1 L 2

2L-4 127.0 26.0
2L-5 127.0 25.0
2L-6 127.0 25.6

2L-7 118.0 23.3
2L,-8 119.0 22.1
2L-9 118.5 22.0

2L-10 37.0 18.6
2L-11 38.0 18.0

2L-12 37.0 18.0

22



TABLE XL. SHEAR TEST RLSUI,TS I[OR UDImIET 710

FORGEID BAR AT ROOM T'I.PERMIRE

Spe cinen 1I t i va tL. Shelar

NumbC r ? t t-ength, ks i

41.-1 123.1
41,-2 127.2
Z11-3 125.1
41-4 129.7

23



TAIALE XI1, IMPACT TE''' RiSI7LfS IF'OR
UDIMET 710 [ORGED BAR

Specimen Energy
Numnber ft "I's

IOL-1 29.5

tOL- 2 26.0

10L-3 26,0

101,-4 25.0

JOL-5 2? .0

1O0-b 33.0

24



'TA6 Li, XI I. F'RACTLIR'1' 'J'OLI 0 tINL,"SS TISi ESfJ], L s FOR
ill)[ l'k"710 Fol C,) IBAR

Spc'c ilmen 14, (,a),l ,•p n

Nulu!i r inclhes inches inch es l bS inches t Q

1 1.500 .750 .750 9',250 4.5 2.66 60.5

2 1.502 .7o5 .748 9,000 4,5 2.74 80.7

"3 1.500 .749 .749 9,400 4.5 2.66 81.7

4 1.502 .7b2 .749 8,400 4.5 2.72 74,8

(a) Caididate fracLurQ LoUghliesS values, Kn, are infalid as K values since a,

,2. 5K
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TAELE XIV. AXIAL LOA) FATIGUE TEST RESULTS FOR

UNNOTCUIID UDIMET 710 FORGED BAR

Specinen Maximum Lifetime,
Numbe r Stress, ksi cycles

Room Temperature

5-4 135.0 60,130
5..I 125.0 86,250
5-5 120.0 147,53C
5-2 115.0 164,310
5-27 112.5 274,000
5-6 110.0 435,110
5-28 107.5 1,247,000
5-3 105.0 6,610ý600
5-7 100.0 12,282,720W

800 F

5-17 110.0 17,000
5-16 100.0 107,900
5-13 95.0 125,2CC
5-19 90.0 82,300
5-20 85.0 173,200
5-21 80.0 197,300
5-22 75.0 838,600
5-23 70.0 977,700
- -24 6j.0 739,500
5-25 55.0 6,488,000
5-26 45,0 16,419,400(a)

1200 F

i-9 120.0 100
5.10 100.0 86,100
5-11 95.0 119,300
5-12 90.0 284,700
5-13 85.0 122,200
5-14 80.0 1,626,200
5-29 77.5 10,489,900(a)

5-15 75.0 10,474,/,0(a)

(a) Did not fcil.
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TABLI, X'. AXIAl, LOAD) ,AT'IQ Jics TIS' SLI' 1 ,I'O N OT1(11(.)
(1-i ..(1 t;9)L~tT 710 1O1GI,.) BIAN

S p ec int If M X ilIn 1. i 1+ L i in,2,

Ntimlwb " LIes•, ISi Cycles

ROMn Temperature

5-1 100.0 20, 270
5-2 40.0 29,660
5-3 0o0 51 170
5-4 ?').0 60' 310
5-5 60.0 114,890
5-8 55.0 132,430
5-6 50.0 366,160
5-7 40.0 793, 110
5-10 35.0 1,791,800
5-9 30.0 2,693,800
5-11 25.0 1 1,458,100"a

800 F

5-18 65.0 1'),700
5-19 60.0 20,600
"5-20 55.0 21,500
5-21 50.0 73,800
5-29 45.0 134,800
5-23 40.0 6,707,000
5-24 35.0 680,100
5-25 30.0 10,013,600
5-26 27.5 5,577,200

1200 1F

5-17 65.0 5,200
.)-12 60.0 7,600
5-15 55. 0 9,800
5-13 50.0 42,100
5-16 45.0 62 900
5-27 42. 5 10,321 900- ' (a)
5-14 40.0 10,043,700

(a) Did nI t fail.
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70:)0-.T71-:50 llaiid l'orijL.•L

Alloye 70'o is adi A1-Zn-Mg-Cu alloy develuped by the Alcoa Research
laborttr i es sullport ed by t lie Naval Air Systems Coimnand anld the Air Force

Matreri, s I'a ortorv, W!-cn heat treated and aged to the -173 temper, thick 7050

plat. and hzand forgin!s exhibit strengths equal to or exceeding those of 7079-T6XX

poLdUCt," combined with improved fracture toughness and a high resistance to

cxi oliatiation and stress-corrosion cracking. The alloy differs from conventional

7XXX series aluminum alloys in that zirconium is added and chromium and manganese
are rt,.rictvd in order to minimize quench sensitivity.

The material used for this evaluation was a 5'-inch by 10-inch by 5-foot
hand torgLng produced within the following composit ion limits:

Chemical
Co~llpositi ol Pe-rcentI

Copper 2.0 to 2.8

lron 0, 15 max

Silicon 0. 12 max

Manganese 0. 10 max

Magnesium 1.9 to 2.6

Zinc 5.7 to 6.7

Chromium 0. 04 max

Titanimn . 06 max

Aluminum Balance

IJU-Lc ,•.;ilu'. m Ijd_ hhe~it Ir'-eit iuI1

The specimuun;- w%-e i tesLed in the a, -rececived -T71-'56 temper.
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Test Results

Tension. Results of tests in the longitudinal and transverse direc-
tions at room temperature, 250 F, 350 F, and 500 F are given in Table XVI].
Short transverse tests were not conducted at elevuted tempetatures.
Stress-strain curves at temperature are presented in Figures 18 and 19. Effect
of temperature curves ace shown in Figure 22.

Compression. Results of tests in both the longitudinal and transverse
directions at room temperature, 250 F, 350 F, and 500 F are given in Table XVIII.
Stress-strain and tangent-modulus curves at temperature are presented in Figures
20 and 21. Effect of temperature curves are shown in Figure 23.

Shear. Pin shear test results for longitudinaL and transverse speci-
mens at room temperature are given in Table XIX.

Impact. Charpy test results for longitudinal and transverse specimens
at room temperature are given in Table XX.

Fracture Toughness. Results of slow bend tests for longitudinal and
transverse snecimens are given in Table XXI. The transverse tests fall within
the size ratio, 2.5 (KQ/TYS) , and the KQ values are considered valid. The longi-
tudinal tests do not meet this requirement and are not considered valid by existing
ASTM criteria.

Fatigue. Axial-DJad fatigue tests were conducted on transverse specimens
at room temperature, 250 F, and 350 F. Tabular test results are given in Tables
XXII and XXIII. S-N curves are shown in Figures 24 and 25.

Creep and Stress Rupture. Results of tlansverse tests at 250 F, 350 F,
jUV 1 T v e n _ L. D Le * 0 sv u Vr s. L-1 C U V. . a re..... r e s e n t ed

in Figure 26.

Stress Corrosion. Tests were conducted as described in the experimental
procedures section of this report. No failures or cracks occurred in the 1000-
hour test duration.

Thermal Expansion. The coefficient of thermal expansion for this alloy
is 12.8 x 1 0 6 in./in./F for 68 F to 212 F.

3
Density. The density value for X7050 is 0.102 ib/in.
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T ABLE 'Vl 1. TENSION TE'ST RESULIS FOR 705U-7E7L56 HAND FORGING

Ultimate 0.2 Percent
Tensile Offset Yield Elongation Reduction Tensile

Specimen Strength, Strength, in 2 Inches, in Area, Modulus,
No. ksi ksi percent percent 106 psi

Longitudinal at Room Temperature

IL-1 74-4 65.7 15.0 38.8 10.2
IL-2 73.7 63.4 15.0 38.1 9.9
IL-3 73.2 62.7 16.0 40.6 9.7

Transverse at Room Temperature

IT-I 74.0 64.4 9.0 13.0 9.9
IT-2 69.9 60.7 4.5 5.4 9.9
IT-3 69.4 61.2 3.5 5.1 9.9

Short Transverse at Room Temperature

IST-I 70.4 56.7 6.0 7.0 9.6
IST-2 71.8 58.3 5.5 6.0 9.9
1ST-3 74.0 61.7 7.5 10,6 9.8

Longitudinal at 250 F

IL-4 58.1 56.5 14.0 48,0 9.5
1L-5 56.4 54.5 21.0 52.1 9.7
IL-6 57.4 55.2 J.3.5 43,6 9.3

Transverse at 250 F

IT-4 57.3 55.7 22.0 54.0 9.4
IT-5 59.0 57.1 13.0 31.4 9.6
IT-6 56.0 52.8 12.5 21.2 9.3

Longitudinal at 350 F

1L-7 47.4 46.7 15.0 62.7 8.3
1L-8 45.9 44.G 17.0 60.7 8.3

IL-9 48.0 47.4 14.0 62.2 8.4
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TABLE XV1i. (Continued)

Ultiniate 0.2 Percent
Tensile Offset Yield Elongation Reduction Tensile

Specimen Strength, Strength, in 2 Inches, in Area, Modulus,
No. ksi kai percent percent 106 psi

Transverse at 350 F

11-7 44.2 42.8 18.5 58.0 8.9 i
IT-8 45.9 44.3 15.0 44.2 8.1

IT-9 46.4 44.3 14.5 37.8 8.2

Longitudinal at 500 F

IL-10 18.7 18.4 23.0 72.4 8.8
IL-lI 19.9 19.7 24.5 85.5 7.8 I
1L-12 17.2 17.0 38.5 89.5 8.3

Transverse at 500 F

IT-i1 19.7 38.7 23.5 80.2 7.8
IT-il 19.3 19.0 27.0 84.6 8.3 I
1T-12 1.9.2 18.5 25.0 77.6 7.6
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I AB LE XVIII . COMPREI.ESION T[ST RH~UI.I'5 . 7o50-17L56 IIAND FORGING

0.2 Percent Compressive
Specimen Offset Yield Strength, Modulus,

No. ksi 106 psi

Lonjitudlual at Room Temperature

21,-1 69.4 10.5
•I°271.4 1P). 9

2L-3 64.8 IU.7

Transverse at Room Temperature

21-1 65.3 12.2
2T-2 66.3 11.0
2T-3 65.3 11.0

Longitudina) at 250 F

2L-4 60.7 9.9
2L-5 62.3 10.1
2L-6 60.9 9.8

Transverse at 250 F

2T-4 57.6 9.3
2T-5 59.3 9.9
2T-6 59.8 9.8

Longitudinal at 350 F

2L-7 51.2 9.3
2L-8 50.0 9.1
2L-9 50.1 9.2

Transverse at 350 F

2T-7 49.4 9.0
2T-8 49.6 9.4
2T-9 49.6 8.9
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fABLE XVII,. (Continued)

u.2 Percent Compressive
Specin.en Offset Yteld Strength, Mogulus,

No. k1i 10 psi

Long•tudinal at 500 F

2L-10 20.7 7.6
2L,-ii 21.5 6.7
2L-12 21.5 7.5

Transverse at 500 F

2T-i0 20.8 6.6
2T-i1 21.5 6.6
2T-12 22.2 7.9

40



kI

TABLE XIX. SHEAR TE ST RLSLILTS FOR 7050-r7E56
IRANI) FORGING Al ROOM TLMPEmATURL

Specimen Ill timatc, Shear
NuILbc r St.reny!.h. kci

Long i tud inal

4L-1 41.3
41-2 42.5
4L-3 44.6
4L-4 43ý6

f rails versu

41-1 40.5
4'r-2 40.0
4T-,3 42.8
4T-4 43.1

4
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TABLE XX. IMPACT TESP RESULTS

FOR 7050-T7E56

IltAD FORGING Al
ROOM T EMPERATURE

Specimen Energy,
No. ft-lb

Lonngiudinal

1OL-l 15.0
1OL-2 7.0
1OL-3 33.5
1OL-4 8.0
JOL-5 10.0
1OL-6 14.5

Transverse

IOT-1 2.0

10T-3 2.0
10T-4 2.0
10T-5 2.0
1OT-6 2.5
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iAt•0tU XXI F.R.ACTURE 'TOUGHNESS TIST RESULTS FOR 7050-T7E56 HAND FORGING

Sp. , CW, a, T, P, Span, f a) K
Ntmibu I j flc:h2 S i W inches Lrs inche s w Q

Transverse

2 r 1.501 .837 .750 1,750 6 3.2 24.o (a)

3J 1.502 .86, .751 2,000 6 3.4 29.8 t -

4T 1.502 .875 .750 2,200 6 3.5 33.8 (a)

1.50, .837 .751 1,940 b 3.2 27.2

Lo ng 2., u,. 1i1L I___• I•

. 1.501 .8,1l .7151 3,800 6 3.4 56.6 (b)

(b)
8L 1. 502 .896 .750 4,000 6, 3.7 64.8

51, . 50.5 .839 .750 3,510 6 3,4 52.2 (b)

71, 1.501 .898 .750 4,700 6 3.7 76.8 (b)

(a) taild idiate I rac LuI-c Loughn_-!ss values, Kq, arct vwlid valid K values.

(b) Candid.rf.t. t acC.u:e tcuglineLs svau...., KQ, 're invalid as K values since a, T<" _ *.:°-"• r'
-7/ 5 " ,

A, S.,



I'AiI,1 XXIl, AXIAl, LOAD) FATIGUE TEST RESI,'.'S UOR LINNOTCHU)
7050-T7E56 HAND FORGING (TRtuNSVE'SI.)

S pO c i we o Max imnum 1. 1 fe i ini:
NuL11,r Stress, ksi c I tes !

N(ooti Temperatu re

5-2 55.0 3o,800

5-23 52.5 200
5-1 50.0 39,630
5-3 45.0 80,380

5-21 42.5 11, 50(
5-4 40.0 248,480
5-22 37.5 258,000

5-5 35.0 393,210
5-24 32.5 406,000 ,
5-6 30.0 12,465,500

250 F

5-7 55.0 100

5-8 50.0 117
5-12 40.0 20,600
5-9 35.0 36,590
5-10 30.0 76,480

5-11 25.0 2,Y25,100
5-26 22.5 10, 137 580-(a)
5-13 20.0 1 1 , 3 6 9 , 8 0 0 (a)

350 F

5-14 40.0 100
5-20 40.0 10,100
5-17 35.0 16,650
5-15 30.0 50,670
5-16 25.0 122,250
5-18 20.0 1 2 1 , 9 3 0 (a
5-25 17.5 20,713,500(a)
5-i9 15.0 10,167,600

ka) Did not Lail.
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'iAlilE XXIII, AXiA.. - uAD EAt' AfLGUE T'ST RESUIiS P"OK No'(1".Fl1) (K =

3.0) 7Q50-TOL-5b I..ND FoRGNC; (I.1k:VNSV-RLTEh)

S PO C inen r. Maximom li -.. t i11',
Number Stre'ss, ksi Cycles

Oooii 'IX'.u p r a Lu,-r•

5-1 35.0 15,120
5-2 30.0 22,380
5-3 25.0 36,300
5-21 2''.5 57,500
5-4 20.0 170,130
5-20 17.5 195,100

5-5 15.0 -53,75o
3-22 12.512/37C(a
5-6 10.0 10,7 8 1 , 0 8 0 ()

5-8 30.0 19,060
5-23 27.5 214,800
5-7 25.0 185,550
5-24 22.5 214,800
5-9 20.() 272,550
5-11 ]/. 191,680
5-10 15.0 788 020 ,

13.5 10,622,140

350 V

5.-13 30.0 10 ,86h)
5-14 25.0 39,200
5-15 22.5 29,400{
5-16 20.O 72,910
5-17 17.5 267, 30
5-11 F 5. (0 160, 130
5-25 15.0 1,16[,l70o}

5-19 13.5 12,207,520

(a) !)id not fail.
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2214-f351 Plate (Alcoa 417 Process)

Ma terial Decription

Alloy 221.4 is a high-purity version of 2014 with closer controls on
iron and silicon (Alcoa 417 process). The Alcoa 417 process, which utilizes
only hot: rolling and special controls during all stages of fabrication, is a
more economic means for achieving the required properties without adversely
influencing the overall engineering characteristics of the r.aterial. The
materia] used in this evaluation wias obtained from Alcoa as a 2-1/4-,inch-thick
plate withi.n the following composition 'imiLs:

Chemical

Composi tion PCr c'-nt

Silicon 0.50 to 1.2

Iron 0.3 max

Copper 3.9 to 5.0

Manganese 0.40 to 1.2

Magnesium 0.20 to 0,0_

Chromium 0.10 max

Zinc 0.25 max

Titanium 0.15

Others 0.15 max

Processing and Hoat Treating

The specimen layout for 2214 is shown in Figure 27. Specimens were
tested in the as-received -T351 temper.

'T,t6 iuesults

'lensoiul. [(eoltLs of ]ounitLodina1 and transverse tests at room temper-
dnuru, /50 F, 350 F, and 500 F are piven In Table XXV, Stress-strain curves at
Leivper;ttuýUe -re presente:d in Figures 28 and 29. E.fect of temperature curves are

I:,,wn i.i Figure 32.
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Com!picssion. Restil s of 0g 1twiLudi nl i and transverse Lests at r'oom
:emperaturC. 250 F, 350 F, and 500 F are given in Table VXVI. Stress-strain and
tangenlt modulus curves at temperature are presented in Figures 30 and 31. Effect
,11 cumpl'aILuRe curves arc shown in A-igure 33.

Shear. Pin shear Lest results for longitudinal and cransverse speci-
mens at room temperature are given in Table XXVII.

IIpac,. Charpy test results for longitudinal and transverse specimens
are 6tveu ini Table XXV1I.1.

Fracture Toughness. Slow bend tests were conducted on longitidinal and
transverse specimens at roci temperature. The cize ratio, 2.5 (KQ/TYS) , was
greater than both the specimen thickness and crack length in all tests; therefore,
the KQ values given in the table are not considered valid K values by existing
ASTH criteria. These data are shown in Table XXIX.

F ati•~. Axial-load fatigue test results for transverse specimens, both _
unnotciued and notched, at room temperature, 250 F, and 350 F are given in Tables
XXX and XXX_. S-N curves are presentcd in Figu... 34 dud 35.

Creep and Stress Rupture. Results of transverse specimen tests at
250 F, 350 F, and 500 F are given in Table XXXIl. Log-stress versus log-time curves
are presented in Figure 36.

Stress Corrosion. Tests were conducted as described in the experimental
procedures section of this report. No failures or cracks occurred in the 1000-
hour test duration.

Therial Expansion. The coefficient ol thermal expansion for this alloy
is 13.5 x TO`-- J-in.71 7 •for 68 F to 500 F.

3
]Dcu!i y_. The denzity of this material is 0.10t lb/in.
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TABLE X••,. TENSION TEST RESULT'S FOR 2214-T351 LPIATI

Ultimate 0.2 Percent

TensiLe Offset Yield Elongation Reduction Tensile
Specimen Strength, Strength, in 2 Inches, in Area, Modulus,

No. ksi percent percent 106 psi

Lon4itudinil at Room Temperature

1L-i 65.2 46.9 24.0 34.7 10.4
IL-2 64.7 46.5 24.0 35.7 10.5
1L-3 64.9 46.9 23.5 32.1 10.5

Transverse at Room Temperature

IT-I 66.0 42.3 20.5 28.5 10.5
1T-2 65.9 43.5 20.5 27.7 10.7
IT-3 66.0 42.3 22.0 26.7 10,4

LQnaitdi-ýina •t 250 F

1L-4 56.0 42.0 20.0 34.0 10.0
IL-5 56.0 41.7 24.0 48.0 9.8

IL-6 56.4 41.6 23.0 37.0 9.8

Transverse at 250 F

IT-4 57.0 39.2 28.5 31.4 9.7
IT-S 56.4 38.2 21.0 34.5 9.6
1T-6 58.2 37.9 22.0 34.7 10.0

Longitudinal at 350 F

IL-7 52.0 38.0 24.0 62.7 9.6
I L-8 51.0 36.9 23.5 60 0 9.3
IL-9 52.0 38.0 25.0 60.0 9..

Transverse at 350 F

I"-7 53.0 36.0 20.0 44.0 8.9
IT-8 53.0 36.0 21.0 37.8 9.7
IT-9 53.5 35.6 22.0 44.0 8.7

57



TABLE XXV, (Continued)

Ultimate 0.2 Percent
Tensile Offset Yield Elongation Reduction Tensile

SpCcimein Stre lgt[i, Strength, in 2 Inciies, in Area, Modulus,
Nc. ksi ksI per cent percent 106 psi

Lungltudinal at 500 F

IL-lO 26.0 20.0 26.0 72.4 8.0

IL-Il 26.0 20.0 22.0 70.0 8.0

IL-i2 26.4 19.0 27.0 72.0 8.1

Transverse at 500 F

IT-1O 27.0 19.0 20.4 65.0 7.6
IT-II 26.4 18.7 20.0 68.0 8.2
IT-12 27.0 17.6 24.0 60.0 8.0
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TABLE KXVi. COMPRESSION TEST REbU.]:S

FOR 2214-13'il PLATE

0.2 PercenLt Comprc ie
Specimren Offset Yield Strength, Modulus,

Nu. ksi IC6 psi

Longitudlnal at Room Temperature

2L-I 38.3 9.6

2L-2 37.4 11.3
2L-3 37.5 11.2

Transverse at Room Temperature

2T-I 44.2 11.2
2T-2 44.9 10.3
2T-3 44.8 10.0

Longitudinal at 250 F

2L-4 35.6 9.6
2L-5 35.4 10.0
2L-6 35.7 10.1

Transverse at 250 F

2T-4 40.0 10.]
2T-5 40.6 10.i
2T-6 39.2 9.8

2L-7 32.0 8.9
2L-8 31.7 9.6
2L-9 32.0 8.6

Transverse at 350 F

2T-7 36.0 8.7
21-8 35.0 9.0
2T-9 35.0 8.6
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TABLE XVI1. (Continued)

0.2 Percent Compressive
Specimen Offset Yield Strength, Modulus,

No. ksi -i6 psi

Longitudinal at 500 F

2L-LO 25.0 7.1
2L-11 24.2 7.1
2L-12 26.0 7.0

Transverse at 500 F

2T-i0 25.6 7.1
2T-'1 26.0 7.1
2T-12 24.9 7.1
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TABLE XXVII. S1EAR TEST RESISII.' FOR

2214-T351 PLATE

Spec imen Ultimate Shear
Numbe r Strength, ksi

Longitudinal

4L-i 39.0
4L-2 38.8
4L-3 41.1
41-4 41.2

Transverse

4T-1 38.7
4T -2 32.6
4T-3 38.6
4T-4 37.8

I
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TABLE XXVIII. IMPACT TEST RESULTS
FOR 2214-T351 PLATE

Specimen Energy,
No. ft-]b

Longitudinal_

IOL-I 5.0
IOL-2 6.0
1OL-3 5.5
1OL-4 4.0

Transverse

1OT-I 2.0
10T-2 1.5

10T-3 1.5
10T-4 2.5
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TABLE XXIX. FRACTURE TOUGHNESS TEST RESULTS FOR 2214-T351 PLATE

Specimen W, a, T, P, Span, fa (a)
Number inches inches inches lbs inches w 9

Transverse

2r 1.500 .877 .750 3,200 6 3.57 4c,.7

1. 50C .906 .730 3,600 o 3.6 b0.1

4T 1.500 .866 .750 3,400 6 3,4 51.4

1T 1.501 .845 .750 2,950 6 3.29 42.3

Longitudinal

61, 1,501 .880 .750 3,100 6 3.59 48.4

5L 1.501 .862 .751 3,100 6 3.4 46.2

7L 1.500 .819 .750 2,950 6 3.1 39.9

81. 1.500 .855 .750 3,100 6 3.38 45. 6

(a) Canldidate fracture toughness values, K are invalid as K values since a, T,

65I
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TABLE •XX. AXIAL LOAD FATIGUE TEST RELSULTS FOR

UNNOTCHED 2214-T351 PLATE (TRANSVERSE)

Specimen Maximum Lifetime,
Number Stress, ksi cycles

Room Temperature

5-2 70.0 (a)
5-4 60.0 12,210
5-3 55.0 39,870
5-1 50.0 67,850
5-23 47.5 147,100
5-5 45.0 301,330
5-6 40.0 4,042,8805-7 35.0 13,127,900(b

250 F

5-9 50.0 14,800
5-8 45.0 52,700
5-10 40.0 95,800
5-11 35.0 230,400
5-12 30.0 221,400
5-13 25.0 10,475,800

350 F

ý-19) 47.5 (a)

5-15 45.0 74,860
5-16 40.0 63,350
5-20 37.5 82,650
5-17 35.0 146,790
5-18 30.0 I1,717,600(b)

(a) FaiLed on loading.

(b) Did not fail.
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'A1BLE XXXI. AXIAL-LOAD FATIGUE TEST RESU', FOR NOTCIED
(K = 3.0) 2214-T351 PLATE (TIRdANSVERSE)

Spec imen Maximum i Xe time
Number StreOss, ksi cycles

Room Temperature

5-. 35.0 15,440
5-5 30,0 46,150
5-27 27.5 49,400
5-2 25.0 99,020
5-6 22.5 80,280
5-3 20.0 264,900
5-7 17.5 243,760
5-28 17.5 1,472,300
5-4 15.0 10 750,000

250 F

5-17 35.0 33,000
5-18 30,C 35,850

5-19 25.0 59,230
5-20 22.5 82,440
5-21 20.0 124,730

5-22 17.5 98,450
5-23 15.0 429,900
5-24 13.5 592,100
5-25 13.5 3,795,900 .
5-26 ii,0 10,390,1ii0a

5-13 35.0 13,680
5-11 30.0 37,M

5-8 110.0 1 62,990

5-9 25.010 ,4
22.5 100,530

5-10 20.0 161,270
5-14 17.5 97,870
5-I 5 15.0 4•31 ,450(a
5-16 13.5 I0,o38,300la

(a) Did Il, fAIl.
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I

T i -oAI-4V DiffusIion Bonded Component (D M1I'

Material Desaription

The material for this evaluation was supplied by the Air Force Materials
Laboratory and consisted of pieces sectioned from a helicopter rotor hub. The

rotor hub had beei formed by diffusion bonding of 1/2-inch-thick Ti-6AI-4V plate.

The evaluation material consisted of sections of the hub and lug ends.

Processing and Ileat Tretat-infl

No specimen lay out is shown since the sections were quite complicated
and it was necessary to cut specimens from wherever the section thickness allowed.

Where possible, the bond line of the plates was perpendicular to the specimen
aCj s. No hleat treating was done since material was received in diffusion bonded

heat treaLed (1)1BIT) condition.

'ic.:;[ Resu lts

Tension. Test results for transverse specimens at room temperature,

400 F,, 700 F, and 900 F are given in Table XXXIII. Stress-strain curves are

showi in Figure 37. Iiffect of temperature curves are presented in Figure 39.

Cnpression. Test results for transverse spncimens are given in

Table XXX1" for room temperature, 400 F, 700 F, and 900 F. Stress-strain and

tangent moduluis curtes are presented in Figure 38. Effect-of-temperat ,re curves

are shown in Figure 40.

Shear. Pin shear test results for Izongitudinal and transverse speci-

niens at room temperature are given in Tabhk XXXV.

Impact. Impact test results are given in Table XXXVI for longitudinal

and transverse specimens.

Fraci.ure Toughness. The material war: not of sufficient size or quantity

for th0se tests.

t . Axial-load test r-esults for transversc. specimens at room

temperature, 400 F, and 700 F are given in Tables XXXVII and XXXV-I1. S-N
curVes .11e presented in FigaJroýs 41 and 42.
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Creep and Stress Rupture. Test resuotts tor longitudinal soecimens
are prtesented in Table XXXIX. Log-stress versus log-Lime curves are presented
in Figure 43 for 500 F, 700 F, and 900 Y.

Stress Corrosion. Tests were conductLed as described in the experi-
mental procedures section of thils report. No fa*iures or cracks occurred in
the- 1000-hour test duration.

.Thermal Ex'ais ion. The coefficient of expansion for Ti-6A1-4V is
5.7 x 1.0- 6 r/in./F for 68 F to 900 F.

Density. The density of this alloy is 0.160 lb/in.3
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TABLE XXXIII. TENSILE TEST RESULTS FOR 'Ii-6AI-4V
DIFFUSION BONDED COMPONENT (DIHIT)
(TRANSVERSE)

Ultimate 0.2 Percent
Tensile Offset Yield Elongation Tensile

Specimen Streneth, Strength, in 2 Inches, Modulus,
No. ksi ksi percent 106 psi.

Room Temperature

11-1 153.0 143.0 11.5 15.8
1T-2 151.0 142.0 10.0 16.0
IT-3 150.0 145.0 12.0 16.0

400 F

IT-4 125.0 107.0 12.0 14.5
1T-5 124.0 112.0 1.5 14.8
1T-6 ]21.u 109.0 12.0 14.]

700 F

IT-7 106.0 90.2 8.5 13.0
1T-8 107.0 87.4 9.5 22.6
IT-9 108.0 88.5 8.5 12.0

900 F

IT-10 95.0 81.3 14.0 11.0

IT-lI 93.2 79.9 18.5 11.1

iT-i2 95.1 81.!) 18o5 10.9
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TABLE XXXIV. COMPRESSION TEST RLSULTS FOR
Ti-6A1-4V DIFFUSION BONDED
COMPONENT D3BIlT) (TIANSVIERSL)

0.2 Percent Compressive

Specimen Offtet Yield Strength, Modulus,
No. ksi 106 psi

Room Temperature

2T-1 1.44.0 17.7
2T-2 147.0 18.1
2T--3 148.0 17.9

400 F

2T-4 111.0 16.7
2T-5 I11.0 ]16.6
2T-6 112.0 16.5

700 F

2T-7 99.1 14.7
2T-8 95.6 16.0
2T-9 96.5 15.7

900 F

2T-10 96.4 :14.7
2T-13 87.0 14.3
2T-12 85.0 14.6
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TABLE XXXV. SHEAR TEST RESULTS FOR

"fi-6Ai-4V DIFFUSION

BONDED COMPONENT ()lFll')

Ultimate
Specimen Shear Strength,

No. ks i

Longi tud iia I•

4L-i 91.0
4L-2 92.7

4L-3 93.7

Transverse

4T-1 95.2

41-2 91.2
4T-3 92.0
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TABILE '(.XVJ.. IMPACT TEST , SUIT

FOR Ti-6A1-4V DBC(DM Ul)

Speccinien Energy,

No. ft-lb

I I}iLtidiukal

]OL-l 11.0
iOL-2 13.0
1OL-3 17.0
2OL-4 16.0

Transverse

1OT-i 13.0
1OT-2 16.0

1OT-3 10.0
10T-4 12.0

'Sr
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TABLE XXXVII. AXIAL LOAD FATIGUE RESULTS

FOR UNNOTCIHED Ti-6AI-4V DBC
(DB11T) (TRANSVERSE)

Specimen Maximum Stress, Lifetime,
o.ksi cycr I s

Room Temperature

5-1 120.0 2,800
5-2 ii0.0 282,100
5-3 100.0 87,000
5-4 90.0 94,660
5-5 80.0 492,500
5-6 70.0 1,478,000

5-7 60.0 9,038,000

400 F

5-9 120.0 40
5-8 115.0 400
5-10 110.0 11,800
5-11 100.0 35,300
5-12 90.0 86,700
5-13 80.0 1,059,100
5-14 70.0 ],559,000
5-15 60.0 6,002,900
5-16 50.0 ]0,000000a)

700 F

5-1.7 100.0 100
5_18 ; '' "14, 50
5-19 80.0 399,20V
5-20 70.0 347,00t,
5-21 60,0 1,180,300()

5-22 50.0 1 0 , 8 6 4 , 0 0 0 (a)

(a) Did not fail.
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TABLE XXXVIII. AXIAL LOAD FATIGUE RESULTS FOR
NOTCHED (KL = 3.0) Ti-6AI-4V DBC
(DBHT) (TRANSVERSE)

Specimtnn Maximum Stress, Lifet~me,
No. ksi cycles

Room Temperature

5-23 100.0 2,900
5-24 90.0 8,500
5-25 80.0 15,000
5-26 70.0 22,500
5-27 6U.0 75,100
5-28 50.0 132,000.
5-29 40.0 1 0, 4 2 0 , 5 60(a)

400 F

5-30 100.0 2,400
5-31 90.0 3,800
5-*32 80.0 8,700
5-33 70-0 1]A800
5-34 60.0 18,500-
1-35 5-0.0 55,900

5-36 40.0 250,600 (
5-37 30.0 12,609,.000

700 F

5-38 100.0 2,100
5-39 90.0 3,500
.- 40 80.0 6,400
5-41 70.0 8,900
3-42 60.0 12,500
5-43 50.0 76,200
5-44 40.0 860,700 (
5-45 30.0 I0,277,000

(a) Did niot fail.
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Di SCUSS I ON OF PROUA.,I RIlSIJI'S

Tie tendency in an evaluation ptog,:am of LItj type is to compare the

mat.2 rials property information obtained with similar data on materials already in
use. Whether such a conmparison should be the dcciding factor for intLerest in a
newer alloy is open to question. Many cri teria. snch1 as formning characteristics,
wuldability, oxidation resistance, etc., can be of particular importance so that
sLrcnt|l properties may become secondary. lHOwever, since first comparisons are
usually made on the basis oi mechanicil strength (tensile ultimate and tensile
vicld) the data generated on this program are compared to information for similar
alloys. Figures 44 and 45 ate effect of temperature curves concerned with these
propurties.

CONCLUSIONS

The objective of this program was the generation of useful engineering
data :or newly developed materials. During the contract term tCe following mate-
rials were evaluated:

(1) 17-4 I'tl k 19 0 0 ) ESR Bar

(2) Udimet 710 Forged Bar

(3) X7050-T7E56 Hand Forging

(4) 2214-T351 (Alcoa 417 Process) Plate

,) Ti-6AI--4V (OBIUI) Diffusion Bonded Component.

; data shect was issued for each material. As a sturntarv, each ot the
data s' :cts is reproduced in Appendix 111.
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APIMND[X T

EXPERIMENTAL PI(OCI"-I)I X

Mechanical Properties

The various mechnnical properties of interest for each of the mate-

rials are as follows:

(1) Tension

(a) Tensile ultimate strength, TUS

(b) Tensile yield strength, TYS

(c) Elongation, et

(d) Reduction in area, RA

(e) Modulus of elasticity, Et"

(2) Compression

(a) Compressive yield strength, CYS

(b) Modulus of elasticity, Ec

(3) Creep and stress-rupture

(a) Stress for 0.2 or 0.5 percent deformation in 100
hours and 1000 hours

(b) Stress for rupture in 100 hours td 1000 hours.

(4) Shear

(a) Shear ultimate strength, SUS

(5) Axial fatigue*

(a) Unnotched, R - 0.1, lifetime: 103 through 10'

cycles

"R" represents the algebraic ratio of the minimum stress to the maximum stress
in one -ycle; that is, A = Smin/Smax. "Kr" represents the Neuber-Peterson
tLhc(rotical stress concentrat on factor.
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(b) Notched (Kt M 3.0), R - 0.1, lifetime: 101 through

107 cycles.

(6) Fracture toughness, KIc or K€

(7) Stress corrosion

(a) 80 percent TYS for 1000 hours maximum, 3-1/2 percent
NaCt solution.

(8) Thermal expansion.

(9) Bend

(a) Minimum radius.

(10) Impact

(a) Charpy V-notch.

(11) Density.

Specimen Identification

A simple system of numbers and letters was used for specimen identifi-
cation. Coding consisted of a number indicating the type of test and also indi-
cating a comparable area on the sheet, plate, or forging. For certain test
types, the number was followed by a letter signifying specimen orientation (L
for longitudinal, T for transverse, ST for short transverse). The test types
where the letter did not appear were creep, fatigue, and bend since, in these
cases, only one specimen orientation was used. The next number in the coding
specifies the location from which the specimen blank was taken from the original
material configuration. Coding was as follows:

Assigned

Number Test Type

I Tension

2 Compression

3 Creep and stress-rupture

4 Shear

5 Fatigue

6 Fracture toughness
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Assigned

Numher Toet Type

7 Stress corrosion

8 Thermal expansion

9 Bond

10 Impact

11 Density

As an c.!ample, a spocimr-,n numbered 2-T5 is a compression specimen, transverse
orient.-tion, cut from Location 5. Also, a specimen numbered 5-12 is a fatigue
specimen cut from Location 12.

Test Description

Tension

Procedures used for tension testing are those recommended in ASTh
methods E8-68 and E21-66T as well as in Federal Test Method standard No. 151a
(method 211.1). Six specimens (three longitudinal and three transverse) were
tested at each temperature to determine ultimate tensile strength, 0.2 percent
offset yield strength, elongation, and reduction in area. The modulus of
elasticity was obtained from load-strain curves plotted by an autographic
recorder during each test.

All tensile tests were carried out in Baldwin Universal testing
machines. These machines are calibrated at frequent intervals in accordance
with ASTM method E4-64 to assure loading accuracy within 0.2 percent. The
machines are equipped with integral automatic strain pacers and autographic
strain recorders.

Specimens tested at elevated temperatures were heated in standard
wire-wound resistance-type furnaces. Each furnace was equipped with a ri)xboro
controller capable of maintaining the test temperature to within 5 F of the con-
trol temperature over a 2-inch gage length. Chromel-Alumel thermocouples
attached to the specimen gage section were used to monitor temperatures. Each
specimen was soaked at temperature at least 20 minutes before being tes::!d.

An averaging-type linear differential transformer extensometer was
usLd LO measure strain. For elevated temperature testing, the extensometer
was equipped with extensions to bring the transformer tnit out of the furnace.
The exttnsometer conform:ed to AST'1 E3-64T Classification BI having a sensitivity
of U.0001 inch/inch. The strain rate in the elastic region was maintained at
0.005 inch/in:h/minute:. After yielding occurred, the head speed was increased
to, 0.1 inch/inch/minito until fracture.
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411p rt s MI tOill

Procedures for conducting compression tests are outlined in ASTI
MethId P'9-67 along with tcmperature control provisions of E21-66T. .All sheet
and thin plate tents were carried out in Baldwin Universal testing machines
using a North American type compression fixture as shown in Reference 2.
Specimen heating was accomplished by a forced-air furnace for temperatures up
to 1000 F. Specimen temperature was maintained by means of a Wheelco pyrometer.
Three Chiromel-Alumnl thermocouples attached to the fixture were used to monitor
tempcratures to within 3 F of the test temperature. For higher temperatures,
wire-wound furnaces were used with controls as described in the tensile test
section.

The extensometer used for the c€mpression tests was quite similar to
that used in the tensile testing. The extension arms were fastened to the speci-
men at small retches spanning a 2-inch gage length. The output from the micro-
former was fed into a load-strain recorder to provide autographic load-strain
curves. During testing the strain rate was adjusted to 0.005 inct/inch/minute.

For bar and forging material, cylindrical specimens similar to those
described in ASTM E9-67 were used with appropriate temperature control and strain
measurement as described above.

Six specimens (thrbe longitudinal and three transverse) were tested at
each temperature.

Shear

Single-shear sheet-type specimens were used for sheet and thin-plate
material; for bar and forgings, a double-shear pin-type was used. Shear testing
was performed at room temperature only. A minimum of six specimens (three longi-
tudinal and three transverse) were used to determine ultimate shear strength.

Bend

The procedures for conducting bend tests are described in Report !IAB-
192-M. The specimens were placed in a rigid three-point loading fixture and
bending tups of various sizes were used to determine the minimum bend radius
at room temperattire.

Creop anI Stress Rupture

Standard dead-weight type creep testing frames were used for the creep
antd ;tr,-ss-ruptur,, tusts. These machines are calibrated to operate well within
.h( aitcuracy rcqtui',:-rm:nts of tST! mthod E139-66T.
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Specimcns sLnmil.ir to those used for tension tests were utted for the
creep and stress-r-ipture studios. A platinum strip "slide rule" extensometer
is aittachod for moasuritig creep strain and three Chromel-Alumel thermocouples
are attached to the gage section for temprer.ure measurements. Extensometer
mo.as.,iremcnts were made vistally through windows in the furnace by means of a
filar i.icrometer microscope in which the smallest division equals 0.00005
inch.

The furnace was of conventional Chromel A wire-wound design with taps
along the side to allow for correcting small temperature differences. Furnacc
temp•Lrature was maintained to within + 2 F by Foxboro controllers in response to
signals from the centrally located th;rmocouple. The temperature of a specimen
under test was stabilized for at least 1/2 hour prior to loading.

For each temperature condition creep and stress-rupture data were ob-
tained to 100 and 1000 hours using as many specimens as necessary to obtain
precise information. The percent creep deformation obtained was dependent on
the material under test. In most instances stress-time curves were defined for
0.2 and 0.5 percent elongation.

Stress Corrosion

Seven specimens of each alloy were tested for susceptibility to stress-
corrio,,itn cracking by alternate immersion in 3-1/2 percent sodium chloride solu-
tion ait room Lenmperature.

Specimens were prepared for testing by degreasing with acetone. Where
a utirfact t11m remained from heat treating, it was abraded off one side and the
ad|aciiL lotng edge of five of the specimens, and left intact on the other two.

Each specimen was placed in a four-point loading fixture and deflectcd
to a stress corresponding to 80 percent of the tensile yield strength of the
particular material. The specimen was electrically insulated from the fixture
by means of glass or sapphire rods. Deflection for a given maximum fiber stress
was calculated by the following expression:

y (312-4a 
2

l2dE

whe ru

y = deflection

o = maximum fiber stress

S- distance between outer !oad points

a - distance btwoen outer and inner load points

d = specimen thickness

E modulus of specimen naterial.
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Each strcs.;,d sp"clmen was suspondud on an alternate immer'sion unit.
This unit altcrnath'y imnmersed spcciimns in the 3.5 percent sodium chloride
solution for ten minutes and held them above the solution to dry for 50 mitUL.,s.
Tests were centinued to the first sign of cracking or for 1000 hours, whichever
occurrnd first.

Specimens were given freqtuent low-pewer microsscopic examinations to
det,.ct crackq. At the ftrst sign of cracking; thu specimen was removed. At the
concluis~ion of the test, selected samples were sectioni'd ind examined metal-
lographically for any indication of cracking. Representative samples in which
cracks were found werv also given a metallographic examination to establish the
type and extent of the cracks.

The rmnal Expansion

Linear-the rmal-expansion measurements were performed in a recordirg
dilatumeter with specimens protected by a vacuum of about 2 x 10-" mm of mercury.
In this apparatus a sheet-type specimen is supported between two graphite struc-
tures inside a tantalum-tube heater element. On heating, the differential move-
ment of the two structures caused by specimen expansion results in the displace-
ment of the core of a linear-variable differential transformer. The output of
the transformer is recorded continuously as a function of specimen temperature.
The entire assembly is enclosed in a vacuum chamber.

The furnace is controlled to heat at the desired rate, usually 5 F per
minute. Errors associated with measurements in this apparatus are estimated not
to exceed + 2 percent. This is based on calibration with materials of known
th ermal-expansion characteristics.

Fatigue

Fatigue tests were conducted using MTS electrohydraulic-servocontrolled
testing machines. The frequency of cycling of these machines is variable to
beyond 2,000 cpm depending on specimen rigidity. These machines operate with
clnsed-loop deflection, strain or load control. Under load control used in
this program, cyclic loads were automatically maintained (regardless of the
required amount of ram travel) by means of load-cell feedback signals. The
calibration and alignment of each machine are checked periodically. In each
case, the dynamic load-control accuracy is better than + 3 percent of the test
lo0,4d.

For elevated temperature studies, an induction heating coil controlled
by a Lvpel Induction Heater was used. A thermocouple placed on the center of
Lh. specimen controlled temperature to + 5 degrees.

After machininn; and heat treating (whin required), the edges of all
Shr ,t.d plate s pCcim( ns we rr pol ished according to Bat tel le -Col'ambus' s tandard
pi.i(Lttc' prior to t,'sting. The unnntched specim,-ng were held against a rotatin.;
drir% covored with emr rv paper and polished using a kerosene lubricant. Succes-
•iv,.I' Lin-r grits of e.iery paper were used, as rqaquirtd, to produce a surface

97



of nh,,ut 10 RPIS. Unnotched round specimens were polished in the Battelle-Columbus
poli•hing; apparatus. This machine utilizes a rotating belt sander driven
rectilincarly along the specimen test section while the specinien is being rotated.
"The belt speed and spOcimn speed are adjusted so that polishing marks on the
specibvtn are in the longitudinal direction. The surface finish is about the same
as that on the flat specimens. The notched flat specimcnu were held in" a fixture
and polished with a slurry of oil and alundum grit applied liberally to a rotat-
ing wire. Notched round specinm-ns are polished in the same manner, except that
the specimen is rotated.

A shadowgraph optical comparator was used for measuring the test sections
of all poitshed specimens and for inspection of the root radius in the case of
the notched specimens.

The stress ratio for all specimens was R - 0.1. Stresses for notched
(Kt a 3.0) and unnotched specimens were selected so that S-N curves were defined
between lO3 and 107 cycles using approximately 10 specimens for each set of fatigue
conditions.

Fracture Toughness

Two types of fracture toughness tests were used. For heavy section
materials, the chevron-notched, slow bend test specimen of ASTh Method 1-399-72
was selected. For thinner section sheet materials, center through-cracked ten-
sion panels were used as test specimens. All specimens were precracked in fa-
tigue and subsequently fractured in a servocontrolled electrohydraulic testing
system of appropriate load capacity.

The slow-bend type specimens were precracked and tested under 3-point
loading. The pop-in load for materials susceptible to brittle fracture was deter-
minLd from the load-compliance curve. When pop-in was not detectable, the curves
were analyzed using the 5 percent secant offset method of the ASTM procedure.

The thin sheet center through-crack tension panels were initially saw-
cut and then precracked in constant amplitude fatigue loading. In order to main-
tain a flat fatigue crack and not plastically strain the uncracked section, the
maximum stresses were adjusted to keep the applied stress-intensity factor less
than one-third or one-quarter of that anticipated at fracture. This usually in-
volved stepping down the stresses as the cracking proceeded. The crack was
extended to approximately one-quarter of the panel width. Buckling guides were
attached and a clip-type compliance gage was mounted in the central notch. The
panls were fractured in a rising load test at a stress rate in the range

.002 E < S < .005 E ksi/min

whtich, cirr.-.pOnds nominally to the gross strain rate of standard tensile testing.
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